. It remains important to accumulate information about genotypic characterization, and therefore better understand relationships between phenotypic and genotypic characteristics. One genotypic characteristic, DNA base composition, was therefore examined for 50 planktonic strains of Anabaena assigned to 22 different morphological species (Li et al., 2000) . The results are presented in the present study.
Materials and Methods
Organisms and culture conditions. All 50 planktonic strains of Anabaena, including 24 straight-form strains and 26 coiled strains, were axenic. The taxonomy of the strains, based on morphological characteristics, was described by Li et al. (2000) . All strains were cultivated in CT medium (Watanabe and Hiroki, 1997) . The cultures were grown in 1 L medium in 2-L flasks equipped for aeration with filters of 0.22 mm pore size. All cultures were grown at 20°C under a 12 : 12 L/D cycle with a photon irradiance of 40 mmol · m Ϫ2 · s
Ϫ1
provided by daylight fluorescent lamps. After four weeks, cells were harvested by centrifugation (1,000ϫg, 10 min), washed twice with distilled water and subsequently freeze-dried for 5 days. Purity of all cultures was checked by microscopic examination prior to their being harvested. In the case of the strains having abundant mucilaginous substances, exponentially growing cultures were harvested by filtration, washed three times with distilled water and then used for DNA extraction. DNA extraction. Ten mg of lyophilized or equivalent wet weight cells were suspended in 0.5 ml of lytic solution [(achromopeptidase (Sigma) 0.5 mgϩlysozyme (Sigma) 0.75 mg)/ml of 10 mM Tris-HCl buffer, pH 8.0] and mixed with beads in 2 ml screwed polypropylene vials (1 : 1 with volume), broken by a Beadsbeater (Biospec Products, USA) at 5,000 rpm for 1 min. The samples were incubated at 37°C for 30 min, then 50 ml of 10% Tris-SDS solution (SDS in 1 M Tris, w/v) was added and mixed well. Samples were then incubated at 60°C for 5 min. Lysates were extracted twice with 0.2 ml of water-saturated phenol and 0.2 ml of chloroform. After centrifugation (10,000ϫg, 10 min), 50 ml of RNase solution [(RNaseA (Sigma) 1 mgϩRNase T1 (Sigma) 400 units)/ml of 50 mM Tris-HCl, pH 7.5] was added to the upper layer and kept at 37°C for 20 min, and treated with 50 ml of Proteinase K solution (Proteinase K (Sigma) 4 mg/ml of 50 mM Tris-HCl, pH 7.5) at 37°C for 10 min. The samples were then treated again with 0.2 ml of phenol solution and 0.2 ml of chloroform, and centrifuged at 10,000ϫg for 10 min. DNA was precipitated with 0.1 volume of 3 M NaOAC and 2.5 volumes of cold 100% ethanol. Precipitated DNA was pelleted by centrifugation for 15 min at 10,000ϫg, washed with 70% ethanol, then 100% ethanol, dried and stored at Ϫ20°C.
GC determination by HPLC method. Dried DNA was mixed with 100 ml of water at 50°C for 1 h. Twentyfive ml of the solution containing 2-25 mg of DNA was heated in boiling water for 5 min and rapidly cooled in an ice water bath. Twenty-five ml of acetate buffer (40 mM, pH 5.3) containing 2 mM ZnSO 4 , 5 ml P1 nuclease (Sigma) solution (20 U/ml) and 20 ml of water were added. The sample was incubated at 37°C for 2 h. After addition of 2.5 ml of glycine buffer (0.1 M, pH 10.4) and 2 ml of alkaline phosphatase (Sigma) (35 U/ml), the sample was incubated at 37°C for 6 h or overnight. Then, a portion of a 10 ml sample was injected into an HPLC system (Shimadzu, Kyoto, Japan) equipped with an SPD-10A UV-VIS spectrophotometric detector and a column (Cosmosil, 5C18, 4.6 mm i.d., 150 mm, Nacalai, Tokyo, Japan). Nucleosides were eluted by a mixture of 0.4 M NH 4 H 2 PO 4 and acetonitrile (40 : 1, v/v), at a flow rate of 1 ml/min at 40°C controlled by a column oven (Shimadzu CTO-6A). Each nucleoside was detected by its absorbance at 270 nm. Each sample was analyzed at least three times from independent extractions. GC content was calculated from the total composition of DNA or from the ratio of a known base to total nucleosides (Mebash et al., 1989) .
Results
The DNA base composition determined for the strains of planktonic species of Anabaena ranged from 35.9 to 56.4 mol% GC (Table 1) . Strains with straight trichomes were in the range of 35.9-56.4 mol% GC, while coiled forms had GC of 38.1-50.3 mol% GC, slightly narrower than that of straight ones. Majority (70%) of the strains were found to have a mean DNA base composition in the range of 36.9 to 42.4 mol%. Three strains (6%) have a slightly lower GC (35.9-36.2 mol%), and four strains (8%) a slightly higher mean GC content (43.8-45.6 mol%). Eight strains were shown to have an unusually high GC content (between 48.3-56.4 mol%). In general, strains as- 
Discussion
In bacterial taxonomy, DNA base composition is considered to be one of the required characteristics for a minimum description of genera and species (Lévy-Frébault and Portaels, 1992) . It is generally accepted that if two organisms have markedly different base composition values, they must belong to different taxa. However, it is important to recognize that two organisms with similar base composition may not be closely related because the linear arrangement of the nucleotides in the DNA may be different (Tamaoka, 1994) .
Previous studies of the DNA base composition of cyanobacteria (Herdman et al., 1979; Paula et al., 1992) have been conducted using indirect methods, such as thermal denaturation of DNA (the T m method) and buoyant density measurements in caesium chloride (the B d method). The HPLC method for measuring DNA base composition is popular in microbial taxonomy, because it allows a direct, rapid and precise determination of base composition (Mebash et al., 1989; Tamaoka and Komagata, 1984) . Nevertheless, this relatively simple method has rarely been applied for cyanobacterial taxonomy. In the bacteriological view, the DNA base composition of strains of a species shows a narrow range within 1 to 3 mol% GC (Mandel, 1966; Tamaoka, 1994) . In the planktonic strains of Anabaena, DNA base composition ranged from 35.9 to 56.4 mol%, which is a wider range than that determined for non-planktonic strains of Anabaena, 38.3-44 mol% (Herdman et al., 1979) . However, about 80% of the planktonic strains of Anabaena fell in the range of 37-42 mol% (Table 1) . Three strains of A. affinis Lemmermann separated into two clusters (NIES-40 and Inba3 had 40.6-40.9 mol% GC, and Inba10 had 45.6 mol% GC) and members of these two clusters also have different growth-temperature ranges and fatty acid patterns (Li, 1998) . It is concluded that these two clusters represent different species based on physiological, biochemical and genetic characteristics, although they can not be morphologically distinguished.
Strains of Anabaena planctonica, A. solitaria, A. smithii, and A. kisseleviana had narrow range of DNA base composition and there was no significant difference within a given species, although the low GC content (36.2 mol%) of the strain A. planctonica TAC434 is closer to the two strains of A. solitaria than to the other members of A. planctonica (Table 1) . These findings seem to support taxonomy based on the morphology of these Anabaena representatives. Based on fatty acid composition, strains of A. planctonica separated into four clusters (Li, 1998) . However, the range of their GC was narrow and members of the four biochemical clusters cannot be distinguished from each other based on GC content.
Anabaena viguieri (Syn.: A. affinis Lemm. f. viguieri) is morphologically similar to A. affinis in trichome and cell size, and akinete shape and size, but A. affinis forms bundles and has tapering end cells (Watanabe, 1992) . The absence or modification of these diagnostic characteristics in either natural samples or laboratory cultures would make it impossible to identify them based on morphology alone. However, the DNA base composition of A. viguieri TAC 433 (48.7 mol% GC) was significantly higher (7.9-8.1 mol% GC difference) than that of two strains of A. affinis (NIES 40 and Inba3) . Anabaena danica, recognized as an independent species by Komárková-Legnerová and Eloranta (1992) , is similar to both A. planctonica and A. viguieri in morphology. The single strain of A. danica differed from representatives of the latter two species in various aspects: It grew at a temperature range of 10-25°C, whereas the range was 10-35°C for strains of A. planctonica and A. viguieri; the strain of A. danica belonged to type 2B of fatty acid composition, whereas strains of A. viguieri belonged to type 2A (Li, 1998) . The strain of A. danica had the highest GC content (56.4 mol%), compared to strains of A. viguieri (48.7 mol% GC) and the strains of A. planctonica (36.2-40.6 mol% GC). Thus, combining physiological, biochemical and genetic characteristics with morphological features has proved to be a useful method for resolving various problems in cyanobacterial taxonomy.
Strains of the coiled Anabaena assigned to the same species, including those of A. crassa, A. ucrainica, A. mendotae, A. lemmermannii, and A. oumiana, showed very close DNA base composition ( Table 1 ). The strain of A. curva, characterized by many filaments embedded in a joint sheath, had a high GC content of 50.4%. A. mucosa TAC 425, which is morphologically similar to strains of A. ucrainica but differs in salinity tolerance and fatty acid content (Li, 1998) , contained 40.7 mol% GC, while those of A. ucrainica had 48.9-50.1 mol% GC. The difference in DNA base composition between them supports the treatment of A. mucosa as a separate species. The single strain of A. eucompacta, comprising the newly established species by Li and Watanabe (1999) , differed from the representative of the related species A. compacta in DNA base composition (45.5 and 39.5 mol% GC, respectively), strengthening the conclusion that A. eucompacta is an independent species. Two strains (Ku 3 and Ku 5) of Anabaena sp 1 were comparable to those of A. ucrainica and A. mucosa in morphology except for the absence of akinetes. Their DNA base composition ranged between 38.5 and 39.3 mol% GC, which is similar to strains of A. mucosa but quite different from the GC determined for the strains of A. ucrainica (Table 1) . Furthermore, these two strains grew at a wider temperature range (10-35°C) than either strains of A. mucosa (10-25°C) or of A. ucrainica (10-30°C) and were more similar in fatty acid composition to strains of A. mucosa than to strains of A. ucrainica (Li, 1998) . It is therefore concluded that these two strains can not be assigned to A. ucrainica, but they may be closely related to A. mucosa, because the only difference so far found is their response to growth temperature.
The DNA base composition of strain CCAP 1403/13F (38.0 mol% GC) was different from that of A. flos-aquae (48.3 mol% GC). Although the former strain was also previously assigned to A. flos-aquae (Thompson et al., 1988) , it was "Anabaena sp 2" for the reasons discussed by Li et al.(2000) . The two strains of A. kisseleviana and of A. oumiana, despite their different filament forms, have spherical akinetes adjacent to heterocysts, and both were classified as high-temperature types (Li, 1998) . They were shown to have a similar DNA base composition (40.4-42.4 mol%GC), which may imply that they are genetically similar.
The present results indicate that DNA base composition differs greatly among planktonic strains of Anabaena. Its taxonomic value has shown to be effective when combined with morphological, physiological and chemical characters. It is suggested that DNA/DNA hybridization studies will be required to confirm the validity of different species, particular for the strains that share a similar mean DNA base composition. The results presented here will be essential for such studies.
